Abstract-Aging is a major risk factor for hypertension and cardiovascular disease. Accumulating evidence suggests that telomere length is a marker for biological aging of the cardiovascular system. Telomere length is determined by genetic and environmental factors. Studies in different racial populations are required to determine the prognostic value of telomere length in hypertension and cardiovascular diseases. The main objective of this study was to investigate the association between leukocyte telomere length and the risk and prognosis of hypertension in a Chinese population. A ging is a major risk factor for hypertension. Epidemiological studies have suggested that, relative to normotensive subjects, hypertensive subjects are at higher risk for the development of cardiovascular and cerebrovascular diseases than normotensive subjects. However, there is wide variation in the occurrence and manifestation of cardiovascular and cerebrovascular diseases in hypertensive patients, even in individuals with the same risk factor profiles. The reason for this interindividual variation is largely unknown but may be reflective of the variation in the rate of biological aging. 1 Telomere shortening represents one molecular mechanism that appears to contribute to cellular and organismal aging. Telomeres are specialized structures located at the ends of eukaryotic chromosomes. The main function of telomeres is to cap the chromosomal ends and to maintain genome stability and integrity. 2 When telomeres reach a critical short length, they lose capping function at the chromosomal ends, resulting in activation of DNA damage checkpoints. These checkpoints limit cell survival by induction of senescence or apoptosis. Telomere shortening limits the life span of human cells in culture 3 and occurs in various tissues during human aging. 4 Studies in mouse models have demonstrated a crucial role of telomere shortening in the impairment of the stem cell during organismal aging. 5, 6 Studies in telomerase-deficient mice have also shown a direct link between telomere shortening and hypertension. 7 In humans, telomere shortening and cellular senescence have also been correlated with atherosclerosis and cardiovascular aging. 8 -10 Indeed, epidemiological studies have suggested that age-dependent telomere shortening could be used as a marker for essential hypertension 11, 12 and related diseases or syndromes, such as insulin resistance, 13 diabetes mellitus, 14 obesity, 15 atherosclerosis, 16, 17 coronary artery disease, 18,19 myocardial infarction, 20 and renal dysfunction. 21 Telomere length is determined by genetic 22-24 and environmental factors. [25] [26] [27] [28] Differences in leukocyte telomere length have been observed between blacks and whites. 29 In addition,
A ging is a major risk factor for hypertension. Epidemiological studies have suggested that, relative to normotensive subjects, hypertensive subjects are at higher risk for the development of cardiovascular and cerebrovascular diseases than normotensive subjects. However, there is wide variation in the occurrence and manifestation of cardiovascular and cerebrovascular diseases in hypertensive patients, even in individuals with the same risk factor profiles. The reason for this interindividual variation is largely unknown but may be reflective of the variation in the rate of biological aging. 1 Telomere shortening represents one molecular mechanism that appears to contribute to cellular and organismal aging. Telomeres are specialized structures located at the ends of eukaryotic chromosomes. The main function of telomeres is to cap the chromosomal ends and to maintain genome stability and integrity. 2 When telomeres reach a critical short length, they lose capping function at the chromosomal ends, resulting in activation of DNA damage checkpoints. These checkpoints limit cell survival by induction of senescence or apoptosis. Telomere shortening limits the life span of human cells in culture 3 and occurs in various tissues during human aging. 4 Studies in mouse models have demonstrated a crucial role of telomere shortening in the impairment of the stem cell during organismal aging. 5, 6 Studies in telomerase-deficient mice have also shown a direct link between telomere shortening and hypertension. 7 In humans, telomere shortening and cellular senescence have also been correlated with atherosclerosis and cardiovascular aging. 8 -10 Indeed, epidemiological studies have suggested that age-dependent telomere shortening could be used as a marker for essential hypertension 11, 12 and related diseases or syndromes, such as insulin resistance, 13 diabetes mellitus, 14 obesity, 15 atherosclerosis, 16, 17 coronary artery disease, 18, 19 myocardial infarction, 20 and renal dysfunction. 21 Telomere length is determined by genetic [22] [23] [24] and environmental factors. [25] [26] [27] [28] Differences in leukocyte telomere length have been observed between blacks and whites. 29 In addition, polymorphisms in telomerase genes have been reported to be associated with aging and age-dependent pathologies in some but not all studies. 30, 31 A pilot study of 73 hypertensive patients indicated that telomere length may be associated with hypertension in the Chinese population. 32 Other studies have provided evidence that short telomere length is a primary rather than a secondary event in the pathogenesis of coronary artery disease (CAD). 33, 34 The negative studies could be attributable to inappropriate study design, lack of statistical power, inadequate methodology to measure telomere length, and, especially, to ethnic variability. Therefore, it is important to evaluate the relationship between telomere length and the variables of interest, hypertension and cardiovascular disease, in well-designed cohorts in a homogeneous ethnic group. In the current study, we examined the association between leukocyte telomere length and hypertension and its clinical complications in a cohort of Chinese patients with essential hypertension or normal blood pressure followed prospectively over 5 years. The study shows that the average telomere length of circulating leukocytes is shorter in hypertensive than in normotensive subjects. Moreover, telomere length represents an independent risk factor for the development of CAD both in patients with hypertension and in subjects with normal blood pressure.
Methods

Participants
A total of 900 participants (30 to 80 years old) were recruited from Henan province, China. Exclusion criteria were a history of alcohol abuse, diabetes mellitus, secondary hypertension, and renal disease. After excluding subjects with incomplete data or poor DNA quality, 767 individuals (388 patients with essential hypertension and 379 healthy controls) were analyzed. The study was approved by an institutional review committee, and informed consent was obtained from all of the subjects at entry or at specified intervals during the course of the study. The study was designed in accordance with the principles of the Declaration of Helsinki, and patient data were evaluated anonymously.
A detailed medical history of each subject was obtained, including the use of antihypertensive drugs. Blood pressure was measured using a mercury sphygmomanometer after resting for Ͼ5 minutes in the sitting position, according to the recommendations of the Seventh Report of the Joint National Committee on the Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. Three consecutive blood pressure measurements were taken at each of 2 separate visits 4 to 6 weeks apart. The mean of the 6 readings was used for analysis. Subjects were classified as hypertensive cases if they did the following: (1) had systolic blood pressure of Ն140 mm Hg; (2) had diastolic blood pressure of Ն90 mm Hg; or (3) were taking antihypertensive medication. Subjects were classified as controls if they: (1) had a systolic blood pressure Յ120 mm Hg; (2) had a diastolic blood pressure Յ80 mm Hg; and (3) were not receiving treatment for hypertension, heart disease, or hormone replacement therapy. A venous blood sample was obtained from the antecubital vein for measurement of fasting plasma glucose and lipid levels and DNA extraction. Medical charts collected from local hospitals were examined for the evidence of stroke, CAD, hypertensive renal disease, hypertensive heart disease, and hypertensive retinopathy. Hypertension complications were defined as newly diagnosed secondary symptoms or diseases (see below) that developed within the follow-up period of 5 years. The diagnosis of hypertension complications was first established by clinical signs and symptoms by the field physicians and re-examined by physician specialists. Specifically, stroke was confirmed by neurologic examination, computed tomography, or MRI. CAD was confirmed by stress test with ECG or coronary angiography. Hypertensive heart disease was confirmed by transthoracic echocardiography and radiograph examination. Renal disease was confirmed by blood, urine, and kidney function tests. Hypertensive retinopathy was confirmed by funduscopy.
Measurement of Telomere Length
The integrity of the sample DNA was assessed by the electrophoresis of 0.5 g of undigested DNA on 1.0% agarose gel (200 V for 2 hours) and ethidium bromide staining. Telomere length ratio (T/S ratio) was measured using a quantitative PCR method that compared the ratio of the telomere repeat copy number (T) and single-copy gene copy number (S) in a given sample. 35 Specifically, DNA samples were amplified in 20-L PCRs with ABI Step One Real-Time Thermal Cycler. The primer sequences used for the telomeres and the single-copy gene human ␤-globin were as follows: telomere forward 5Ј-CGGTTTGTTTGGGTTT-GGGTTTGGGTTTGGGTTTGGGTT-3Ј; telomere reverse 5Ј-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3Ј; ␤-globin forward 5Ј-GCTTCTGACACAACTGTGTTCACTAGC-3Ј; and ␤-globin reverse 5Ј-CACCAACTTCATCCACGTTCACC-3Ј. The thermal cycling profiles started with 95°C incubation for 10 minutes, followed by 30 cycles of 15 s at 95°C and 1 minute at 56°C for the telomere PCR or followed with 35 cycles of 15 s at 95°C and 1 minute at 54°C for the ␤-globin PCR. The specificity of all of the amplification was determined by melting curve analysis. A reference DNA sample (transformed kidney epithelial cells: 293T cells) was included with each measurement to control interassay variability. Individual DNA samples were measured in triplicate. The average SD for the triplicate measurement was 6.8%. A dilution series (1.56 to 100.00 ng; 2-fold dilution; 7 points) run for both the telomere and ␤-globin PCRs was linear (R 2 Ͼ0.98). Test samples with threshold cycle numbers that fell outside the range defined by the standard curves were rerun at different concentrations to ensure that they were amplified within the linear range. All of the analyses were done blinded as to disease status of the individuals. The reliability of the telomere length obtained with the PCR assay was verified by comparing the data with those determined by conventional Southern blotting (please see Figure S1 in the online data supplement available at http://hyper.ahajournals.org).
Statistical Analysis
Characteristics of cases and controls were compared by 2 tests for categorical variables and ANOVA for quantitative variables. The telomere length ratios were log transformed, because the T/S ratios were not normally distributed. The relationships between telomere length and quantitative variables were analyzed with Spearman correlation. Because older individuals tend to have shorter telomeres than younger individuals, we stratified the samples into 5 categories of age at recruitment (30 to 39 years, 40 to 49 years, 50 to 59 years, 60 to 69 years, and Ն70 years). The telomere length distribution was determined independently within each category, individuals in the lower half for telomere length in each age group were pooled together, and their characteristics were compared with those of the pooled upper-half individuals. The effects of telomere length, age, case-control status, and other individual risk factors of hypertension and its complications were assessed by logistic regression models. All of the analyses were performed using SPSS 13.
Results
The characteristics of 388 subjects with essential hypertension and 379 healthy normotensive controls at recruitment are shown in Table 1 . In the original study design, 450 hypertensive patients were recruited with age-and gender-matched controls. After the exclusion of 133 participants with incomplete clinical data or poor quality of DNA samples, the compositions of age and gender in cases and controls were still comparable. The characteristics of the 133 excluded participants and 767 included participants were also comparable (please see Table S1 ). Figure 1 shows the distribution of log T/S ratio as a function of chronological aging in cases and controls. Overall, an inverse correlation between telomere length ratio with age was found in all of the individuals (regression coefficient: Ϫ0.006; SE: 0.001; rϭϪ0.163; PϽ0.001). In subjects with essential hypertension, the telomere length ratio decreased steadily with age at a mean yearly rate of 0.004Ϯ0.002 (rϭϪ0.106; Pϭ0.038). The decrease in telomere length ratio in controls was 0.008Ϯ0.002 (rϭϪ0.192; PϽ0.001).
A highly significant difference was found in the average telomere length ratio between hypertensive and normotensive subjects (median telomere length ratio: 0.57 [interquartile range {IQR}: 0.48 to 0.72] and 0.67 [IQR: 0.53 to 0.93], respectively; PϽ0.001; Figure 2A ). Of the hypertension risk factors measured, inverse associations were found between telomere length and body mass index, fasting glucose, and diastolic blood pressure after adjusting for age and gender (please see Table S2 ). However, after inclusion of the hypertension status into the regression model, the association between telomere length and body mass index, fasting glucose, or diastolic blood pressure was no longer significant (please see Table S3 ). Therefore, we reclassified the participants according to their disease status. The presence of short telomeres did not correlate with any of these risk factors in either cases or controls (Table 2) . Thus, short telomeres correlated with hypertension independent of other risk factors and can be taken as an independent risk factor for essential hypertension (odds ratio: 1.831; 95% CI: 1.375 to 2.425).
The prognostic value of telomere length in hypertension and its complications was studied next. Among the total of 767 individuals recruited at baseline, 411 individuals (221 hypertensive patients and 190 controls according to baseline measurement) with complete 5-year follow-up data were analyzed for the risk of developing hypertension complications, including stroke, CAD, hypertensive heart disease, hypertensive renal disease, and hypertensive retinopathy. The dropout subjects were comparable to the subjects included in the follow-up analysis in terms of age, gender, and conventional vascular risk factors (please see Table S4 ). Figure 2B ). A stepwise linear regression analysis with forced entry of age and gender showed that only CAD, stroke, and hypertensive retinopathy remained independently associated with telomere length. Univariate logistic analysis showed that the relative risk of developing CAD for individuals with shorter telomeres compared with those with longer telomeres at baseline was 3.315 (95% CI: 1.662 to 6.609; PϽ0.001), whereas the risk of developing hypertensive retinopathy was 5.741 (95% CI: 1.922 to 17.075; PϽ0.001), and the risk of developing stroke was 2.031 (95% CI: 0.991 to 4.221; Pϭ0.05). Multivariate analysis revealed that the risk of developing stroke within 5 years was attributed only to the presence of hypertension at entry. The risk of developing hypertensive retinopathy was attributed only to telomere length, whereas the risk of developing CAD was attributed to both the presence of hypertension at entry and telomere length (Table 3) . Although hypertension was found to be an independent risk factor for CAD, not all of the hypertensive patients developed CAD. Therefore, we examined the risk of developing CAD in hypertensive patients. After adjustment for chronological age and gender, short telomeres remained as an independent risk factor for hypertensive patients in the development of CAD within 5 years (Table 4) . Among the 190 healthy, normotensive controls, 65 individuals developed hypertension within 5 years. The telomere length of these hypertensive subjects was significantly shorter compared with participants who did not develop hypertension within the 5-year follow-up period ( Figure 2C ). This result recapitulated the finding in the case-control study that individuals with short telomeres had an increased risk of developing essential hypertension. During the 5-year follow-up period, normotensive subjects who developed CAD had shorter telomeres at entry than the normotensive subjects who remained CAD free ( Figure 2D ).
Discussion
Essential hypertension and cardiovascular diseases are closely linked to the aging of human beings. Although classic risk factors, such as smoking, overweight, hyperlipidemia, and diabetes mellitus, have been found to predict the occurrence of hypertension or cardiovascular disease, there is wide variation in disease manifestation in individuals who have the same risk profile. Telomere length fulfills several of the criteria for robust biomarkers of human aging because it does the following: (1) decreases progressively with chronological age; (2) varies considerably among individuals; (3) registers the life cycle of proliferative cells; and (4) is strongly linked to inflammation and oxidative stress. 36 The present study showed that leukocyte telomere length is significantly shorter in patients with essential hypertension than in normotensive subjects, in agreement with a previous study in hypertensive men. 37 More importantly, hypertensive subjects who developed CAD within 5 years had even shorter telomeres than hypertensive subjects who did not develop CAD. This finding provides evidence that short telomeres portend a worse prognosis in essential hypertension. The mechanisms by which leukocyte telomere length predicts the evolution of hypertension and its prognosis remain to be defined. Decreased telomere length in circulating leukocytes may reflect age-related turnover of the bone marrow stem cells. 38 Telomere shortening-induced endothelial cell senescence has been reported to be associated with increased intercellular adhesion molecule 1 and decreased endothelial NO synthase activity, conditions that are implicated in the pathogenesis of atherosclerosis. 9 Bone marrow-derived endothelial progenitor cells have been considered as important agents of vascular repair. A recent study showed that telomere shortening in endothelial progenitor cells played an important role in the pathogenesis of CAD via increased oxidative-related DNA damage. 39 In addition to the direct effects on vascular repair and endothelial progenitor cell function, telomere shortening can increase the level of circulating proinflammatory cytokines, possibly affecting atherosclerosis and vascular disease. 6, 40 Thus, age-dependent telomere attrition may not only trigger cellular senescence but may also be related to chronic inflammation and increased oxidative burden, which are central to the pathogenesis of age-related cardiovascular disorders, including atherosclerosis and arterial stiffness.
One cross-sectional study has suggested that short telomere length was an independent predictor of the presence of atherosclerotic lesions in 163 hypertensive men. 17 In the current study, we analyzed the 5-year outcomes of 411 individuals (221 hypertensive patients and 190 controls). We found that, in addition to hypertension, telomere length was independently associated with the occurrence of CAD within 5 years. Our data suggested that telomere length could be used as a potential predictor of CAD in both hypertensive subjects and healthy controls. However, we did not observe an independent role of telomere length in predicting the occurrence of stroke but rather that high blood pressure was the predominant predictor of stroke. The disease spectrum of stroke in Chinese subjects is different from non-Chinese subjects: there is a greater occurrence of hemorrhagic stroke than ischemic stroke in Chinese subjects than in other ethnic groups. In the current study, the association of a particular type of stroke and telomere length was not examined because of a paucity of events. So far, there has been no investigation on the relationship between telomere length and different types of stroke. A large-scale study of the relationship between telomere length and stroke needs to be conducted.
In the current study, we used a quantitative PCR-based method to measure the relative telomere length. The quantitative PCR method is less time consuming than other methods. In contrast to a previous study, 15 we did not observe a relationship between gender or smoking and telomere length. This could indicate that the quantitative PCR method is relatively less sensitive than classical Southern blotting. T/S ratios difference between studies usually relates to different DNA references, underscoring the lack of uniformity of results derived from this measurement across studies. 19 Using DNA from a common cell line with stable telomere length might facilitate a uniform expression of the T/S ratio. We observed a linear correlation between telomere shortening and chronological age. The decrease in telomere length tended to be faster in controls than that in hypertensive cases. A possible explanation could be that hypertensive subjects already had excessive telomere attrition at an early age, making the additional decrease in telomere length with aging less obvious than those decreases observed in age-matched normotensive controls. However, this does not mean that the decrease in telomere length in hypertensive subjects is less important than in healthy controls, because the incidence of 5-year CAD increased to a greater extent in hypertensive subjects with shorter telomeres than in those with longer telomeres. Thus, our data support the hypothesis that leukocyte telomere length could be taken as an independent risk factor for hypertension and cardiovascular aging. Indeed, another recent study suggested that mean leukocyte telomere The regression coefficients of short telomere remained statistically significant after adjustment for chronological age and gender. OR indicates odds ratio.
length could identify patients with coronary heart disease who would benefit most from statin treatment. 1
Perspectives
Age-dependent telomere shortening in leukocytes mirrors the replicative history of the hematopoietic stem cells. Our prospective study revealed that subjects with hypertension have shortened telomeres, and the occurrence of CAD is associated with shorter telomeres in hypertensive subjects. These observations support the hypothesis that telomere shortening can be used as a prognostic marker for age-related cardiovascular disease.
